Introduction
Gray platelet syndrome (GPS, OMIM #139090) is an inherited platelet disorder characterized by thrombocytopenia and typical gray appearance of platelets by light microscope, due to the absence of ␣-granules and their constituents. [1] [2] [3] Since its initial description in 1971, GPS has been reported in various populations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The diagnosis of GPS requires demonstration of the absence or marked reduction of ␣-granules in platelets observed by electron microscopy (EM). 2, 22, 23 Megakaryocytes also show decreased ␣-granules. 24 Platelet dense bodies and lysosomes are unaffected. 22, 25 Alpha granules, the most abundant vesicles in platelets, store proteins that promote platelet adhesiveness and wound healing when secreted during platelet activation. 26, 27 Some ␣-granule proteins (eg, platelet factor 4 and ␤-thromboglobulin) are synthesized in megakaryocytes and packed into the vesicles, whereas others are either passively (eg, immunoglobulins and albumin) or actively (eg, fibrinogen) taken up from the plasma by receptor-mediated endocytosis. 26, 27 Proteins synthesized in megakaryocytes are markedly reduced in GPS, whereas other ␣-granule constituents are less affected. 25, 27 Studies of granule membrane-specific proteins have shown that platelets and megakaryocytes of GPS patients have rudimentary ␣-granule precursors. 7, 28, 29 Therefore, the basic defect in GPS is thought to be the inability of megakaryocytes to pack endogeneously synthesized secretory proteins into developing ␣-granules.
Most GPS patients have macrothrombocytopenia. 3, 5 The number of megakaryocytes in the bone marrow is normal, but platelet survival is reduced. 6 The shortened survival of ␣-granule-deficient platelets and the inability of defective megakaryocytes to mature normally are thought to contribute to the thrombocytopenia of GPS. Myelofibrosis 3, 10, 26 and splenomegaly 1, 3, 5, 14, 26 occur in GPS.
Although rare patients with severe hemorrhage have been reported, 8 the bleeding tendency in GPS is thought to be mild to moderate. 3, 5, 10, 26, 27 In vitro platelet aggregation tests give variable results. 3 Treatment is nonspecific and includes platelet transfusions before surgeries, DDAVP (1-desamino-8-D-arginine vasopressin), and splenectomy. 3, 10, 26 Most GPS families involve a single case or multiple affected siblings born to unaffected, often consanguineous parents, suggesting autosomal recessive (AR) inheritance. Rare families with autosomal dominant (AD) 30 and X-linked 19, 31 variants of GPS have been reported. X-linked GPS-like disease, caused by mutations in GATA-1, results in generalized hypogranularity of platelets and erythroid abnormalities. 19, 31 The genetic cause of the most common, AR type of GPS remains unknown. HZF was suggested as a candidate gene because of similarities of the Hzf-null mouse model to GPS; however, no mutations were identified in the human HZF gene in 5 patients from 3 GPS families. 32 Here, we present the clinical and molecular characterization of 25 GPS patients from 14 unrelated families from various populations including Bedouin, Turkish, Mennonite, French, German, Somalian, African American, and mixed Northern and Southern European backgrounds. We demonstrate the progressive nature of thrombocytopenia and myelofibrosis in GPS and emphasize the fatal nature of the disorder in some cases. In addition, using genome-wide linkage analysis and homozygosity mapping we localized the GPS gene to a 9.4-Mb interval on 3p21.1-3p22.1 including 197 protein-coding genes and excluded 1423 (69%) of the 2075 exons in the interval.
Methods

Patients
Between January 2000 and January 2010, a total of 116 individuals (25 patients) from 14 unrelated families were evaluated. All patients or their parents gave written informed consent in accordance with the Declaration of Helsinki. Fifty-nine individuals from 14 unrelated GPS families were enrolled in the protocol, "Genetic Analysis of Gray Platelet Syndrome" (www.clinicaltrials.gov, NCT00069680), approved by the National Human Genome Research Institute (NHGRI) Institutional Review Board. Sixty individuals from the Bedouin family were enrolled in the "Clinical and Genetic Analysis of Gray Platelet Syndrome" study approved by the Israeli Supreme Helsinki Committee of the Israeli Ministry of Health. In addition, 25 individuals including 10 patients from 7 families (Figure 1 , families 1, 2, 4, 5, 11, 13, and 14) who were clinically evaluated at the National Institutes of Health (NIH) Clinical Center, were also enrolled in the protocol "Diagnosis and Treatment of Patients with Inborn Errors of Metabolism" (www.clinicaltrials.gov, NCT00369421).
The inclusion criterion was platelet EM characteristic for GPS. Clinical investigations included medical and family history and physical examination. Pedigrees were drawn for each family. All patients had abdominal ultrasonography. Several patients had bone marrow (BM) evaluations. The degree of bleeding was classified as "severe" if blood transfusion was Figure 1 . Pedigrees of 14 GPS families included in the study and the microsatellite markers used to establish linkage. The microsatellite markers listed in the top left corner of the figure are the set of markers located within the homozygosity region that is indicated by the small gray bars placed under affected individuals in the pedigrees. These gray bars indicate that, for this segment of chromosome 3, these patients inherited the same set of microsatellite genotypes from their mother and father; hence they are homozygous by descent. *Physical map positions are based on UCSC genome browser version hg18. **Genetic map positions in centiMorgans are based on Marshfield map. Patients in families 12, 13, and 14 did not display a homozygous haplotype in the linked region.
Platelet studies
Platelet aggregation studies. PRP samples were studied in a lumiaggregometer (Chrono-Log) using 1800 U/mL luciferase and 16mM adenosine diphosphate, 22mM epinephrine, 4.4 mg/mL equine skin collagen, and 540 mg/mL arachidonic acid.
Analysis of platelet lysates. Detergent lysates of washed platelets were prepared as described 36 and analyzed for platelet factor 4 (PF4) and fibronectin using commercial enzyme-linked immunosorbent assay (ELISA; Asserachrom PF4, Diagnostica Stago; Imuclone Fibronectin ELISA Kit, American Diagnostica,) and for thrombospondin-1 (TSP-1) using Western blot analysis. The activity of von Willebrand factor (ristocetin cofactor) activity, antigen, and multimeric pattern were analyzed using published methods. 36 Lysate fibrinogen was measured with an ELISA using an immunopurified, rabbit polyclonal immunoglobulin G (Calbiochem). 37 Platelet flow cytometry. The membrane surface expression of Pselectin and fibrinogen receptor proteins as well as the rebinding of platelet TSP-1 in resting and activated platelets was studied by flow cytometry. Immediately after collection, citrated whole blood (450 mL) was mixed for 5 minutes with either 50 mL phosphate-buffered saline, 50 mL 200mM lyophilized adenosine-5Ј-diphosphate solution (Bio/Data Corp), or 50 mL 100mM thrombin receptor-activating peptide from Biosearch and further processed and evaluated as described. 17, 28 Thrombin stimulation of platelets in citrated venous whole blood and labeling with anti-CD62P or anti-TSP-1 antibodies was performed as described. 38 
Genome-wide linkage analysis
Seventy-four individuals, including 14 patients from 6 families ( Figure 1 , families 1, 4, 5, 8, 9, and 13) were included in the genome-wide analysis (GWA) performed in 2 groups.
GWA of group 1, consisting of 60 individuals including 7 patients from the Bedouin family (Family 1), was performed using the ABI PRISM Linkage Mapping Set using 400 fluorescently labeled polymerase chain reaction (PCR) primer pairs with 10-centiMorgan (cM) intervals. Genotypes were determined using the ABI Prism 3100 DNA analyzer (Applied Biosystems) and GENE SCAN 3.1, GENOTYPER 3.1, and GENEMAP-PER 1.1 software. GWA of group 2, consisting of 26 individuals including 7 patients from 5 families (families 4, 5, 8, 9, and 13), was performed using 1000 microsatellite markers at 5-cM intervals (DeCODE). The data were evaluated for Mendelian inheritance of marker alleles by 2-point and multipoint analysis and haplotype analysis programs, using the Superlink Online software Version 1.5. 39 Two-point and multipoint logarithm of the odds (LOD) score analyses were performed based on the compatibility of the pedigrees with AR inheritance with full penetrance. In addition, homozygosity mapping 40 was carried out on the data provided by the GWA using the algorithm in the software package MAPMAKER/MAPHOMOZ (web/ftp://ftp-genome.wi.mit.edu/distribution/software/homoz), version: May 1995.
Fine mapping
Fine mapping was initially performed on 102 individuals, including 21 patients from 11 families (Figure 1, families 1, 4 41 Primer sequences were identified using Primer3 (http://primer3.sourceforge.net) and checked with the UCSC Genome Bioinformatics In-Silico PCR program (http://www. genome.ucsc.edu/cgi-bin/hgPcr?command ϭ start). Custom-made markers were named as "chr #)starting position of the primer" such as 3)52036954; primers are available upon request. The PCR products were pooled based on fluorescent labels and expected allele size. Fragments were separated by capillary electrophoresis on a Genetic Analyzer 3100 and analyzed using GENESCAN 3.7 and GENOTYPER 2.5 software (Applied Biosystems). All genotyping was done including Centre d'Etude du Polymorphisme Humain control individual #1347-02 (Applied Biosystems).
SNP analysis
Whole genome single-nucleotide polymorphism (SNP) analysis was performed using the Illumina Human 1M-Duo SNP array and Illumina's standard protocol on 8 GPS patients: 1(V-20), 2(VII-2), 3(V-1), 6(IV-1), 10(II-1), 12(II-1), 13(II-1), and 14(II-1). The region of homozygosity was identified based on the "B allele frequency" plots of the Genome Studio software Illumina Version: 2010.1.
Haplotype analysis
Haplotypes were constructed for 25 affected individuals and their parents using the fine mapping data.
Sequence analysis
Data regarding position, coding region sequence, and exon-intron boundaries were obtained from Ensemble Genome Browser (http://www. ensembl.org/), National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/mapview/), and UCSC (http://genome.ucsc.edu/), and used to designate regions of interest. Bidirectional sequencing of the PCR-amplified products was analyzed as described. 42 A first-pass ranking of missense variants by sequence conservation, in conjunction with the identification of nonsense, splice-site, and frame-shift variants, was used to create prioritized listings of sequence variants; further analysis established the likelihood of disease relevance and/or correlation with inheritance pattern. For personal use only. at TECHNION/LIBRARY on November 9, 2011. bloodjournal.hematologylibrary.org From not previously published. Duration of follow up, available for 16 patients, ranged from 2 to 32 years (13.3 Ϯ 9.4 years).
Results
Clinical manifestations
Diagnosis
Diagnosis was based on EM studies that revealed lack of ␣-granules, with normal dense bodies and other platelet organelles ( Figure  2A ). Peripheral smears showed typical large, pale gray platelets ( Figure 2B ). Granularity of neutrophils on peripheral smears and EM of white cells were normal ( Figure 2C ). All 20 parents available, including those with single cases, had normal platelet counts and peripheral smears, and all 12 parents evaluated had normal platelet EM supporting AR inheritance. In 6 families, the parents were consanguineous; in 4 of these families and in 2 without consanguinity, multiple siblings were affected (Figure 1) .
Most patients had bleeding symptoms from infancy. The average age of onset of symptoms was 2.6 Ϯ 2.2 standard deviation years, ranging from birth to 6 years; diagnosis occurred between 2 and 46 years (11.8 Ϯ 10.7 years). Age at diagnosis was similar in females (10.3 Ϯ 8.8 years) and males (14.0 Ϯ 13.4 years). Idiopathic thrombocytopenic purpura (ITP) was the initial diagnosis in 8 of 15 patients (53%) for whom this information was available. Age at our evaluation ranged from 9 to 64 years (25.0 Ϯ 15.9 years). Splenomegaly was detected in 88% (15/17) of patients; one underwent splenectomy.
Platelet aggregation studies in response to most agents were normal in those patients tested. (Table 2 ). PF4 and fibrinogen were reduced in platelet lysates of those patients tested ( Table 2) . Expression of p-selectin and TSP-1 was decreased on plasma membranes of stimulated platelets in those patients evaluated ( Table 2) . Expression of fibrinogen receptor after stimulation was decreased in 1 of the 2 patients tested.
Bleeding tendency
Of 19 patients, 37% (7/19) of patients had mild, 21% (4/19) had moderate, and 42% (8/19) had severe bleeding (Table 1) . Of the 8 patients with severe bleeding, 7 were females in whom menometrorrhagia and resultant severe anemia required repeated blood For personal use only. at TECHNION/LIBRARY on November 9, 2011. bloodjournal.hematologylibrary.org From transfusions, and led to the death of 2. Two males had no bleeding symptoms. Five patients had mild symptoms in the form of bruising and epistaxis, and 4 had moderate menometrorrhagia. Most patients required supplemental iron, perioperative and peripartum DDVAP, or platelet transfusions.
Progressive nature of GPS
Thrombocytopenia of variable severity was present in all patients. Platelet counts were inversely correlated to age (R 2 :0.81; Figure  3A ). Patients (8) from 8 families underwent a BM evaluation; 7 (88%) had variable degrees of myelofibrosis (Table 1 and Figure 3B -E). In patient 8 (II-1), BM at age 10 years showed mild (grade 1 of 4) reticulin fibrosis ( Figure 3B) ; repeat BM at age 29 showed significant (grade 2-3) fibrosis ( Figure 3C ). Patient 13 (II-1) had no myelofibrosis at age 11, but had marked (grade 3) reticulin fibrosis at age 47 ( Figure 3D ). Patient 4 (IV-1)'s BM at age 2 years was normal; repeat BM at age 23 showed significant (grade 3) reticulin fibrosis ( Figure 3E ).
Hemoglobin concentrations of affected males ranged from 12.3 to 14.3 g/dL (13.2 Ϯ 0.7), excluding patient 5 (IV-1) with increased affinity to oxygen. Values for females ranged from 8.3 to 13.7 g/dL (11.1 Ϯ 1.7 g/dL). All 7 postpubertal females had a history of iron deficiency anemia and received iron supplementation. Iron levels of the 7 male patients were normal. PT, PTT, liver and kidney function, thyroid function tests, and urine analysis were normal in all patients.
Vitamin B 12
We found markedly elevated serum vitamin B 12 concentrations in 12 of 13 patients tested from 9 unrelated families. Ranging from 1078 pg/mL to 5699 pg/mL with a mean Ϯ standard deviation value of 2608 Ϯ 1590 pg/mL. Repeat measurements confirmed consistently high values. Patient 5 (IV-1) had a high normal vitamin B 12 level at 927 pg/mL whereas both his parents were vitamin B 12 deficient.
Illustrative cases
Below, we provide brief summaries of 5 GPS patients, one selected because he is the oldest patient alive [13(II-1)], 2 because they 
Case 13(II-1)
This 54-year-old male is the original GPS patient described in 1971 when he was 11 years old 1 and again at age 22. 34 We evaluated him at the NIH Clinical Center at ages 47, 49, and 50. He had easy bruising in infancy and suffered recurrent knee pain. Platelet counts within the first 10 years ranged between 150 and 25 K/L. He was initially diagnosed with ITP, treated with steroids and underwent splenectomy at 11 years when platelets decreased to 25 K/L. After splenectomy, platelet counts increased to 239 to 300 K/L. BM at age 11 showed no fibrosis, normal number of megakaryocytes with decreased granularity, and normal granulocytic and erythroid series. At age 47, his platelet count was 107 K/uL and hemoglobin was 13.9 g/dL. An elevated total protein (9.2 g/dL) prompted measurement of quantitative immunoglobulins; IgM was elevated at 3560 mg/dL. Serum protein electrophoresis identified excessive IgM kappa; urine protein electrophoresis revealed IgM mu and kappa chains. BM showed grade 2-3 reticulin fibrosis ( Figure  3D ) and increased plasma cells or plasmocytoid lymphocytes expressing CD38/CD138. Flow cytometry of peripheral blood showed no immunophenotypic evidence of a lymphoproliferative disorder. The diagnosis of Waldenstrom macroglobulinemia was made. At age 49, BM continued to show increased plasma cells. IgM was increased to 6130 mg/dL with a serum viscosity of 2.5. He remained free of hyperviscosity-related symptoms. At age 52, he underwent hip replacement surgery with prophylactic platelet infusions. Although no major bleeding occurred immediately after surgery, he required transfusion the following week. At age 54, IgM was 6550 mg/dL, serum viscosity was 3.6, and platelet count was 88 K/L. He had occasional dizziness and headaches and specific treatment for Waldenstrom macroglobulinemia was under consideration.
Case 12(II-1)
This female patient was asymptomatic in her first 4 years of life. She was diagnosed with GPS following a 4-day massive hemorrhage after tonsillectomy and adenoidectomy. Throughout childhood, her platelet counts were in the low hundreds. She had an enlarged spleen at age 13, when she was evaluated for severe anemia caused by menometrorrhagia and required long term iron supplementation. At age 20, her car was hit from behind and her abdomen was strained by the seatbelt. Although she was asymptomatic immediately after the accident, 2 days later she collapsed at home and expired despite multiple transfusions. Autopsy revealed hemoperitoneum and an enlarged (940 g) spleen with a 4-cm laceration in the anteriomedial aspect. There was no fibrosis of the bone marrow. Platelet count 3 weeks before she died was 31 K/L.
Case 8(II-1)
This 30-year-old female had easy bruising since birth and was diagnosed with GPS at age 3 years. At age 3.5, she experienced prolonged epistaxis, with a decrease in hemoglobin to 6.8 g/dL; at age 4, she presented with a massive subgaleal hemorrhage and left periorbital ecchymosis after minor head trauma. 8 Platelet count was 94 K/L. Between ages 5 and 10 years, she presented with recurrent spontaneous retropharyngeal hemorrhages and required platelet transfusions. At age 10, she developed massive hepatosplenomegaly due to CMV infection and dropped her platelets to 10 K/L, requiring multiple platelet and blood transfusions during the following year. BM at age 10 showed grade 1 reticulin staining ( Figure 3B ). After menarche, she developed severe anemia (hemoglobin 5 g/dL) and required depo-progesterone injections. At ages 23 and 29, she had 2 additional episodes of severe anemia (hemoglobin of 4 g/dL) after prolonged vaginal bleeding and required blood transfusions, intravenous iron, and estrogen. Platelet count at 29 was 32 K/L. BM at age 29 showed grade 2-3 reticulin fibrosis ( Figure 3C ), and nearly absent iron staining. Cytogenetic analysis of BM was normal and fluorescent in situ hybridization (FISH) for common genetic aberrations indicating myelodysplastic disease was negative.
Case 4(IV-2)
This female was diagnosed with GPS at age 10, when screened after the diagnosis of GPS in her older sister [4 (IV-1)]. She had prolonged bleeding after dental work at age 6 and later suffered from severe menometrorrhagia requiring blood transfusions and iron supplementation. Platelet counts were 105 K/L, 45 K/L, and 25 K/L at ages 10, 13, and 20, respectively. At age 21, she developed diffuse petechia without any other symptoms. Platelet count was 5 K/L. She was started on platelet infusions every 2 days. After 6 days, she developed sudden projectile vomiting, was admitted to intensive care with intracranial hemorrhage, and died later that day.
Case 5(IV-2)
Before she was diagnosed with GPS, this female patient underwent brain surgery at the age of 4.5 years for removal of a meduloblastoma, without major hemorrhage. She was diagnosed with GPS when thrombocytopenia persisted several months after cessation of chemotherapy. Currently, at age 13, she is free of bleeding symptoms. Her platelet counts at ages 7 and 13 were 105 K/L, and 102 K/L, respectively.
Genetic analyses
Inheritance pattern. The facts that 6 families are consanguineous (1, 2, 3, 4, 5, and 6; Figure 1 ) and 6 families have multiple affected individuals with unaffected parents (1, 2, 4, 5, 7, and 10) support AR inheritance. Bedouin kindred from Israel ( Figure 1 , family 1) with multiple consanguineous marriages contained 7 GPS individuals. Segregation analysis performed in this family showed that AR inheritance was 5 orders of magnitude more likely than AD inheritance.
Genome-wide linkage analyses. Genome-wide linkage analysis the 60 members, including 7 affected, of the Israeli Bedouin kindred (Figure 1, family 1) , provided maximal LOD scores of 7.2, 7, and 7.2 at 3 consecutive markers: D3S3563, D3S3685, and D3S3559, determining the GPS-linked interval between markers D3S3521 and D3S1029 (Table 3 ). In addition, homozygosity mapping was performed on group 2, that consisted of 26 individuals including 7 patients from 5 GPS families (Figure 1, families 4 , 5, 8, 9, and 13). Two consanguineous Turkish families with 2 patients in each (Families 4 and 5) provided significant linkage (LOD ϭ 4.14) to locate the linked region between markers D3S1612 and D3S3532 (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). These 2 intervals overlap, supporting the linkage of GPS gene to 3p21.1-3p22.1 with a combined LOD score of 11.3.
Fine mapping, haplotype, and SNP analyses. Two rounds of fine mapping of the linked interval on a total of 111 individuals including 23 patients from 12 families (Figure 1, families 1, 2, 4, 5,  7, 8, 9, 10, 11, 12, 13, and 14) , refined the GPS region to a 9.4-Mb interval between markers D3S3559 (position 42663630 at UCSC hg18) and NIH custom-made marker 3)52036954 (position For personal use only. at TECHNION/LIBRARY on November 9, 2011. bloodjournal.hematologylibrary.org From 52036954 at UCSC hg18; Figure 1) . Two-point analysis of 6 families (1, 4, 5, 7, 9, and 10) revealed a combined maximum LOD score of 12.05 for this region (Table 4) . Multipoint analysis supported these results (data not shown).
Genome-Wide SNP analysis using 1M-Duo SNP array, performed on 8 patients [1(V-20), 2(VII-2), 3(V-1), 6(IV-1), 10(II-1), 12(II-1), 13(II-1), and 14(II-1)] excluded copy number variants such as large deletions/duplications along the linked interval.
Affected individuals in 11 of the 14 families (except for families 12, 13, and 14) revealed a homozygous haplotype (Figure 1 ; indicated with gray bars) that segregated with the disease and was unique to each family. This included 3 families (3, 6, and 8) for which parental DNA was not available, but the patients had homozygous markers along the identical interval. In 3 additional families (12, 13, and 14) , affected individuals did not display a homozygous region of microsatellite markers in this interval and SNP analysis of the affected individuals in these families did not uncover any small (Ͻ 200-kb) region of homozygosity. SNP analysis did not show any heterozygous SNPs at the boundaries of the homozygous region to enable narrowing from the edges.
Sequencing of genes
The GPS-linked interval contained a total of 197 protein-coding genes. After exclusion of genes already assigned to well-described diseases, we initially sequenced 20 selected candidate genes, finding no pathogenic mutations. Subsequently, we sequenced all 2075 exons and flanking splice junctions of 165 candidate genes (supplemental Table 1 In addition, we sequenced the X-linked GATA1 gene in patients 13(II-1) and 14(II-1) who were males without a homozygous haplotype in the linked region, and identified no pathogenic mutations.
Discussion
The pedigree structures and homozygous haplotypes confirmed AR inheritance in all but 3 families and indicated that the GPS gene resides in a 9.4-Mb interval on chromosome 3p. For the other 3 families (12, 13, and 14) , the inheritance pattern could be AR due to compound heterozygous mutations of a gene in the linked interval on chromosome 3, AR due to another gene located elsewhere, AD due to new mutations, or X-linked in the case of families 13 and 14 with male patients.
Although we enrolled almost all known GPS families from around the world to achieve the highest possible number of meiosis, we did not identify any recombination events to further decrease the size of the candidate region. This was probably influenced by the relatively poor meiotic recombination rates in this region of chromosome 3. 43 Although the physical distance of the linked region is 9.4 Mb, its genetic distance based on the sex-averaged recombination rates on the Marshfield map 43 is 2.7 cM, suggesting a significantly lower recombination rate (approximately 0.28% for 1 Mb) in this region in comparison to the genome-wide average (approximately 1% for 1 Mb).
By performing fine mapping with microsatellite markers, located densely at every 200 Kb, and by SNP analysis, we exhausted the available molecular genetics methods to refine the region at the breakpoints. We also excluded the possibility of a small (Ͻ 200 Kb) region of homozygosity in the 3 patients ( Figure  1, families 12, 13, and 14) who did not display the 9.4 Mb homozygous haplotype present in the other 22 GPS patients. Finally, we successfully sequenced 1423 (69%) of the 2075 exons For personal use only. at TECHNION/LIBRARY on November 9, 2011. bloodjournal.hematologylibrary.org From of 165 genes. A next generation sequencing approach is likely to increase the success rate in the remaining 652 difficult exons that are spread throughout the region.
No previous study has described the natural history of GPS. Long-term follow-up, including serial bone marrow evaluations in several patients, demonstrated the progressive nature of GPS with respect to thrombocytopenia and myelofibrosis, and showed that thrombocytopenia in GPS worsens with age ( Figure 3A) . The platelet count was negatively correlated with age (R 2 :0.81); platelet counts of patients older than 12 years (46 Ϯ 18 K/L) were significantly lower than platelet counts of patients 12 and younger (113 Ϯ 45 K/L; P Ͻ .0001). Patient 13(II-1), who was splenectomized, maintained a platelet count of 88 K/L at age 54, significantly higher than the average platelet count of GPS patients over age 20 (33 K/L) who were not splenectomized. The etiology of the progressive nature of thrombocytopenia in GPS remains to be determined (worsening myelofibrosis and splenic enlargement with more platelet consumption).
Our data show that myelofibrosis affects the majority (88%) of GPS patients. Serial BM evaluations demonstrate the progressive nature of myelofibrosis in GPS ( Figure 3B-E) . In several patients, myelofibrosis was not present in childhood but developed in adulthood [4(IV-1), 13(II-1)] and its severity progressed as patients aged [8(II-1)]. The youngest age at which myelofibrosis was demonstrated was 8 years, in patients 1(V-20) and 11(II-1). Premature release of platelet-derived growth factor and other profibrotic substances from the megakaryocytes into the BM is thought to cause the myelofibrosis in GPS. 3 Microarray studies on fibroblasts of patient 1(V-20) had shown increased expression of cytoskeleton-related proteins, especially fibronectin, further supporting this hypothesis. 44 Another novel finding in this study is the markedly high serum vitamin B 12 levels in 11 of the 12 GPS patients tested. Although the underlying mechanism is not completely understood, elevated serum vitamin B 12 is observed in various conditions including liver diseases, myelogeneous and promyelocytic leukemia, polycythemia vera, hypereosinophilic syndrome, and reactive macrophage Results of 2-point analysis for families 1, 4, 5, 7, 9, For personal use only. at TECHNION/LIBRARY on November 9, 2011. bloodjournal.hematologylibrary.org From activation syndrome; it serves as a diagnostic criterion in the latter 3 diseases. 45, 46 In most patients, the diagnosis of GPS was not an immediate consideration and there was a delay of several years (6.2 Ϯ 6.7 years) between the onset of symptoms and the diagnosis. The fact that platelet aggregation studies are generally normal in GPS probably complicates the initial diagnosis. Platelet EM, the "gold standard" for the diagnosis of GPS, is not widely available. Elevated vitamin B 12 can be used as a biochemical marker in patients with suspected GPS to reinforce the indication for platelet EM.
Hematologic malignancies have been reported in several families with other platelet storage pool deficiencies, 47, 48 but not in GPS. It is intriguing that patient 13(II-1) developed Waldenstrom macroglobulinemia. We are aware of only 2 other GPS patients who are of similar age or older; patient 3(V-1) did not have a BM evaluation, but an Ashkenazi-Jewish GPS patient had a BM at age 72 that showed no increase in plasma cells. 9 Longer follow-up may answer the question of whether or not GPS predisposes to Waldenstrom macroglobulinemia. Similarly, whether the medullablastoma observed in patient 5(IV-2) is causally related to GPS remains to be determined.
Consistent with previous reports, 3, 4, 16, 18 bleeding symptoms in the presented patients were mostly mucosal (Table 1) . Although the degree of bleeding tendency was variable, a significant proportion of patients (42%) had severe bleeding. The results of platelet aggregation studies did not correlate with the severity of bleeding. Understanding the molecular basis of organelle biogenesis in megakaryocytes is of significant importance. Identification of the genes of organelle formation and trafficking disorders such as Griscelli, Hermansky-Pudlak and Chediak-Higashi Syndromes 49, 50 have contributed to our understanding of fundamental aspects of cell function. Similarly, identification of the GPS gene is likely to teach us about organelle biosynthesis, contribute to our understanding of myelofibrosis, and potentially help design targeted novel therapies.
